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The purpose of this study was to examine the possibility of methane as a
replacement to traditional fuels. Methane provides several advantages over fuels such as
hydrogen. The LABROC VI was used to examine the performance of a small methane
and oxygen rocket engine. A theoretical analysis was performed on the LABROC nozzle
to compare the effects of changing the mixture ratio and the chamber pressure. The
LABVIEW control program was altered to only take data due to problems with the spark
plug. The hardware used within the LABROC and the procedure for operation was
examined and possible problems are noted. The existing LABVIEW control program was
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compared to the theoretical values. To check the viability of a methane motor, a nozzle
was designed that produces the approximate thrust of small, commercially available,
solid rocket motors.
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CHAPTER I
INTRODUCTION

Methane is a possible alternative to traditional rocket fuels such as hydrogen and
RP-1. It has several advantages over these fuels. Methane is denser than hydrogen,
which means it requires smaller tanks leading to a reduction in vehicle weight. Methane
can also be stored at a much higher temperature than hydrogen. Less insulation would be
needed for the methane tanks leading to even more reduction in weight. Methane also is
more readily available throughout the solar system, which could make it the propellant
that would be used in future propulsion systems. Methane also provides safety
advantages over traditional fuel systems. It is much easier to store and handle. A methane
and oxygen reaction also produces relatively cleaner products such as water and carbon
dioxide.
There are currently several companies who are either developing or have already
developed a prototype of a methane and rocket engine such as Alliant Techsystems
(ATK). An initial prototype developed by ATK subcontractor, XCOR Aerospace,
completed a series of successful tests, which produced 7,500 pounds of thrust at sea-level
[1]. Using the data from these tests, ATK then developed a second prototype that was
capable of producing 3,500 pounds of thrust in a vacuum. ATK is developing this engine
to serve as the critical propulsion system on the ascent stage of the Lunar Lander [2].
1
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This project analyzes the performance characteristics of a rocket engine burning
methane and oxygen. The LABROC VI was used to analyze the performance. The
LABROC is a complete self-contained portable test system. The performance values
could all be manually recorded using the indicators located on the LABROC. However,
the LABROC was previously altered so that the data could be recorded by a computer
[3].
A theoretical analysis was performed using a previously written program,
EQCHEM.BAS [4], and a performance analysis file. The analysis was performed to see
how the mass flow rate, thrust, and specific impulse varied as the mixture ratio and the
chamber pressure were varied. Experimental data were then taken to compare the
experimental to the theoretical values. A nozzle was then designed to assess the
practicality of a small methane and oxygen rocket engine as compared to commercially
available solid rocket motors.

2
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CHAPTER II
THEORETICAL RESULTS FOR LABROC

A theoretical analysis was performed for the configuration of the LABROC
combustion chamber and nozzle. The first part was to obtain the chemical properties of a
methane and oxygen reaction. This was done by using a previously written program
called EQCHEM.BAS [4]. See Appendix A for the full program.
For this reaction, the only species considered are CO, CO2, O2, O, H, H2, OH, and
H2O. There are three equilibrium properties that are considered in this program. The
properties are:
1) the composition of the mixture does not change with time;
2) the chemical composition is a function of any two state variables;
3) the process is reversible because it occurs through an infinite number of
equilibrium states [4].
Elemental abundance equations can be written for carbon, hydrogen, and oxygen. These
are shown in Equations 2.1, 2.2, and 2.3.
    

(2.1)

    2    2

(2.2)

    2  2      
Five reactions are considered in this program shown in Equations 2.4 – 2.8.
3
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(2.4)

2  

(2.5)

2  

(2.6)

    

(2.7)



    

(2.8)

A general balanced equation for the above equations is shown in Equation 2.9 [4].
∑         0

(2.9)

where:
νi´

=

mole number of the reactants

νi´´

=

mole number of the products

Ai

=

chemical species

For each of these reactions, another equation can be written in the form of the law of
mass action, which is shown in generic form in Equation 2.10 [4].
∏ " #$%

&& '$ & (
%

 )* +

(2.10)

where:
pi

=

partial pressure of species i

Kp

=

equilibrium constant

The equilibrium constants have been calculated for a large variety of equations [4]. The
equilibrium constants are displayed as functions of temperature only. The partial
pressures can be determined using Equation 2.11 [4].

4
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"  "

,%

,

(2.11)

where:
p

=

mixture pressure

Ni

=

number of moles of species i

NT

=

total number of moles in mixture

The above equations were used to calculate the number of moles of each species. The
enthalpy equation was then used to determine the chamber temperature. The first values
that are needed are the standard heats of formation for the individual species, which is the
enthalpy of a substance in its standard state. These values have been tabulated for several
substances and Table 2.1 shows the values for this reaction [4].

Table 2.1
Standard heats of formation

Species

ΔHf
(cal/mole)

CO2
CO

-94054
-26420

O2
O
H

0
59559
52100

H2
OH

0
9432

H2O

-68320

5
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The next values that are calculated are the difference of enthalpy for each species
between the enthalpy at any temperature and the enthalpy at 0 Kelvin. These values are
read in from a file and can be applied to any temperature using linear interpolation. These
values and the number of moles of each species can be applied to the enthalpy equation,
which is Equation 2.12, to solve for the chamber temperature [4].
,


∆  ∑,
/   ∆.  ∑/   0     




   1

(2.12)

where:
∆H

=

change in enthalpy

∆Hf

=

standard heat of formation

    = difference between enthalpy at chamber temperature and 0 K




   = difference between enthalpy at 298 K and 0 K

Once the number of moles of each species and the temperature are determined, a variety
of values can be determined. The first is the mole ratio, which is simply the number of
moles of an individual species divided by the total number of moles of the mixture. The
variation of mixture composition as the mixture ratio changes is shown is Figures 2.1 and
2.2 while the variation in chamber temperature is shown in Figure 2.3.

6
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Figure 2.1
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Variation of mixture composition for dominant species
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Figure 2.2
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Variation of mixture composition for less dominant species
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Figure 2.3
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Variation of chamber temperature with mixture ratio
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After the chemical properties of the reaction were obtained, a performance
analysis was performed. The LABROC nozzle was a converging-diverging nozzle.
Figure 2.4 shows the properties of generic motor with a converging-diverging nozzle [5].

Figure 2.4

Properties of LABROC motor and nozzle

The partial pressures are also found using the mole ratio times the chamber
pressure. The molecular weight is then found by summing the product of the number of
moles for each species and the molecular weight of that species. The specific heat at
constant pressure is found in the same manner. Finally, the specific heat ratio can be
found using equation 2.13.
234  5

56,8%9

6,8%9 ':;

(2.13)

where:
γmix

=

specific heat ratio of the mixture

Cp,mix =

specific heat at constant pressure of the mixture

Ru

universal gas constant

=

8
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The purpose of the analysis was to see how mass flow rate, thrust, and specific
impulse change as the mixture ratio varied. The analysis was also used to see how the
same three properties changed as the chamber pressure changed. The chemical properties
were read into a MathCAD worksheet. The entire worksheet is shown in Appendix B.
Using a micrometer, the throat and exit diameter of the nozzle were measured to be 0.145
inches and 0.194 inches, respectively. These values gave a throat area of 0.017 square
inches and an exit area of 0.03 square inches. Using the area ratio, specific heat ratio, and
Equation 2.14, the exit Mach numbers were obtained [5].
<=

<>

DEF
G
DEF
C
H> G
G

 ?@ AB

C

DJF
DEF

I

(2.14)

where:
At

=

throat area

Ae

=

exit area

Me

=

Mach number at the exit of the nozzle

γ

=

specific heat ratio of the mixture

These Mach numbers were then used to calculate the exit pressure using Equation 2.15,
which allowed for the calculation of the exit velocity using Equation 2.16 [5].
K@ 

C

LM

D
DEF
H> G DEF
G

(2.15)

N@  AO' P+Q R1  L 
O

L>
M

DEF
D

T

(2.16)
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where:
Pe

=

pressure at the exit of the nozzle

Pc

=

chamber pressure

ue

=

velocity at the exit of the nozzle

R

=

gas constant of the mixture

Tc

=

chamber temperature

To calculate the gas constant of the mixture, Equation 2.17 had to be used.
:

PH;

(2.17)

UV=

where:
Ru

=

universal gas constant

Mhat

=

molecular weight of mixture

Finally, the mass flow rate, thrust and specific impulse were calculated using Equations
2.18, 2.19, and 2.20 [5].
WXYZ  Z KQ 2

DJF

A G DEF
DJF

[O:M

(2.18)

\  W]N@  K@  K^ @

(2.19)

a

_`*  3]b

(2.20)

Where:
mdot

=

mass flow rate

F

=

thrust

Pa

=

atmospheric pressure

Isp

=

specific impulse
10
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g

=

gravity at sea level

The comparisons were made using three graphs. The mixture ratio was varied
from one to ten, and the chamber pressure was varied from six to ten atmospheres. The
variation of mass flow rate, thrust, and specific impulse as the mixture ratio and chamber
pressure are varied is shown in Figures 2.5, 2.6, and 2.7.

mdot (lb/min)

1.4

6 atm
8 atm
10 atm

1.2
1
0.8
0.6
0.4
1

Figure 2.5

3

5

OF

7

9

Variation of mass flow rate pressure

As shown in Figure 2.5, the mass flow rate initially decreases to a minimum. This occurs
at around a mixture ratio of 2. After this minimum, the mass flow rate increases as the
mixture ratio is increased. The mass flow rate also increases as the chamber pressure is
increased.

11

Template Created By: James Nail 2010

6 atm

Thrust (lbf)

3.5

8 atm

10 atm

3.0
2.5
2.0
1.5
1

Figure 2.6

3

5

OF

7

9

Variation of thrust

Figure 2.6 shows that the thrust is approximately constant as the mixture ratio increases,
and increases as the chamber pressure is increased. The change between 6 and 8
atmospheres and 8 and 10 atmospheres is approximately the same.

6 atm
8 atm
10 atm

240

Isp (sec)

220
200
180
160
140
120
100
1

Figure 2.7

3

5

OF

7

9

Variation of specific impulse

The specific impulse varies the opposite of the mass flow rate, which is expected since
the thrust is constant. It initially increases until it reaches a maximum, which is around a

12
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mixture ratio of 2, and then it decreases as the mixture ratio is increased. The specific
impulse also increases as the chamber pressure is increased.
It is important to notice that the best performance did not occur at the
stoichiometric mixture ratio. The stoichiometric chemical reaction is shown by Equation
2.21.
  2    2 

(2.21)

This equation yields a stoichiometric ratio of 4. However, the above graphs show that the
best performance occurs at a mixture ratio of approximately 2, which is a rich ratio.

13
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CHAPTER III
LABROC LABVIEW CONTROL PROGRAM

A previously written program was altered in 2007 to account for hardware
changes. This program was never tested using gas. However, it was tested electronically
to make sure it would run the LABROC [3]. However, due to changes in LABVIEW
coding, the program had to be updated so that it would run the LABROC. The only
necessary changes that had to be made were to how the program read in the data from the
various measurement devices and how the program sent digital signals that would control
the LABROC. Both of these were easily fixed using DAQ assistants. Some of the DAQ
assistants were configured to read in an analog voltage signal, which could be converted
to the proper units. This DAQ assistant read in voltages from device 1 analog inputs 0 –
5, which correspond to chamber pressure, temperature in, temperature out, thrust, oxygen
flow rate, and methane flow rate. The other DAQ assistants were configured to generate a
digital signal, which would control the LABROC. These DAQ assistants sent signals to
port 0 lines 0, 1, and 2, which correspond to the warning light, starting the LABROC, and
stopping the LABROC. Figure 3.1 shows DAQ assistants configured for both input of
analog voltage and output of a digital signal.

14
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Figure 3.1

DAQ assistant configured to read in data and generate digital signals

The only other change that was made was to make the front panel more user friendly by
adding a thrust meter, thermometers, tanks for the flow rates, and a pressure gauge for the
chamber pressure. The front panel can be seen in Figure 3.2.

Figure 3.2

Front panel of LABROC control program

15
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The control program operates as shown in the following outline:
I.

Sequence 0
a. Initialize output and voltage arrays
b. zero_digital_ljc47_2010.vi – zero port zero by sending low signal to port 0
c. check_1.vi, check_2.vi, check_3.vi, check_4.vi – Pre-fire checklists

II.

Sequence 1
a. Sequence 0 – get_volt_ljc47_2010.vi – get zero voltages
b. Sequence 1 – Send high signal to line 2 of port zero to turn on warning
light and wait until Purge or Shutdown button is pressed
c. Sequence 2 - If Shutdown button is pressed, stop the program. If Purge
button is pressed, start 20 second countdown.
d. Sequence 3 – At the end of the countdown, start LABROC by sending
high signal to lines 0 and 2 of port zero.

III.

Sequence 2
a. Stay in while loop until one of three conditions are met. The three
conditions are: Shutdown button is pressed. Chamber pressure exceeds
150 psi. Temperature out exceeds 180 degrees Fahrenheit.
b. Inside while loop :
i. Sequence 0 – Take voltages from device 1 input lines 0 – 5.
Convert voltages to proper units using calibration slopes and zero
voltages.

16
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ii. Sequence 1 – Combine voltage data into one array and combine
data with units to another array.
IV.

Sequence 3
a. Stop LABROC by sending high signal to lines 1 and 2.
b. Write out arrays to separate .csv files.

V.

Sequence 4
a. stop.vi
i. Sequence 0 – check_final.vi – Shutdown checklist.
ii. Sequence 1 – zero_digital_ljc47.vi – zero port 0

Figure 3.3 shows one of the checklists for the control program. It is vital that the entire
checklist be followed before firing the LABROC. The block diagram for the program
including the sub-vi’s that were used is shown in Appendix C.

Figure 3.3

Pre-fire checklist
17
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After the LABROC is started, the program starts reading voltages from the
various measurement devices using a DAQ assistant. The DAQ assistant is configured to
read ten samples at a sampling rate of 2000 Hz. This means that the values will update
every five-thousandths of a second. The program then converts the voltage to the proper
units by using the zero voltage and the calibration slope. Every time the DAQ assistant
takes data, the corrected values are stored into an output array. This data analysis took
time so that the actual sampling rate was much lower. Using background data acquisition
would solve this problem. The background data acquisition would record only the
voltages into a single array. The analysis would have to be performed after the test was
completed. To measure the actual sampling rate, the timer on the LABROC control panel
was used. When the combustion chamber pressure exceeded 75 psi, the timer would start
and then stop when the pressure decreased below the limit. Table 3.1 shows the
calculated samples per second for the program, which averages out to be 31.4 samples
per second: the program takes a data point every approximately 0.03 seconds.

18
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Table 3.1
Determination of sampling rate of LABVIEW program
File

Time (s)

O2250_CH4160
O2300_CH4190
02290_CH4190
O2200_CH4160_2
O2300_CH4260
vary press 2
vary press 3
vary press 4
vary press 5
vary press 6
vary press 8
vary press 9
Average

29.9
9.4
6.2
4.6
2.6
100
37.7
50.6
74.8
35
136.1
95.1

Samples samp/sec
952
271
196
155
73
3070
1187
1606
2365
1171
4376
3003

31.8
28.8
31.6
33.7
28.1
30.7
31.5
31.7
31.6
33.5
32.2
31.6
31.39868

A problem occurred when the control program was used to operate the LABROC.
The program did not cause a long enough spark to ignite the combustion mixture. This
could be due to a faulty relay, which should keep the spark plug firing when the chamber
pressure is below 75 psi. It was later found out that the spark plug had to be continuously
sparking to keep the mixture burning. If the mixture was improper, then the flame would
extinguish. However, this was tested by releasing the fire button at several different
mixture ratios and chamber pressures. In every case, the flame would extinguish as soon
as the fire button was released. Therefore, the program was altered to take data only, and
the LABROC was operated manually. The temperature limitation also had to be removed
because when the fire button was held down, there was a spike in the temperature out

19
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voltage that would cause the program and the LABROC to shutdown. The temperature
had to be monitored manually to make sure the temperature did not exceed the limit.

20
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CHAPTER IV
LABROC HARDWARE

The LABROC measures the following quantities: thrust, chamber pressure, flow
rate of oxygen and methane, temperature of the water going into the nozzle, and
temperature of the water coming out of the nozzle. The voltages are read from the
LABROC to the computer using a CB-68LP screw terminal board and a National
Instrument USB-6251 DAQ device. One thing that was noticed was that when the DAQ
device was connected but not turned on, a voltage was sent from the device to the
LABROC. This caused a voltage increase from around 0.25 volts to 1 volt. This is
because there are current loops created by arbitrary switch positions within the DAQ
device when it is not powered. This is corrected simply by disconnecting the DAQ device
from the screw terminal board when the device is not powered and always powering the
USB-6251 before connecting it to the system.
The first piece of hardware that was examined was the thrust load cell. It
consisted of two parts: a transducer that measures displacement and a force adapter. The
transducer is only rated for plus or minus thirty grams. Using the transducer alone would
result in permanent damage to the device because the LABROC produces more thrust
than the maximum limit for the transducer. This is the reason for the force adapter. The
force adapter works like a cantilevered beam. The adapter has a displacement that is
21
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equal to that of the transducer. However, since it is a cantilevered beam, the adapter can
experience a higher loading. Adapters rated for higher loads are made of the same
material except the material is thicker, which makes it stiffer. The transducer is screwed
into the adapter until a small voltage change is observed. The locknut is then tightened so
that the transducer is securely attached. There was an initial problem with this system.
The tip of the transducer did not make contact with the adapter. A small amount of liquid
metal was applied to the end of the tip to solve this problem. Figure 4.1 shows the
transducer, and Figure 4.2 shows the connection between the motor and the force adapter.

Figure 4.1

Load cell transducer

Figure 4.2

Connection between motor and force adapter

22

Template Created By: James Nail 2010

This system was calibrated by attaching small weights onto the end of a pulley
system which was connected the rocket motor. The weights were added in increments to
the maximum load. The weights were then removed using the same increments. The
calibration slope, 207.16 lbf per volt, found by this procedure was used in the LABVIEW
program to convert the output voltage readings. Hysteresis can be seen in the calibration
graph. A variance in the lower load voltages can be attributed to static friction. The
pulleys that were used could cause friction, which would absorb some of the load as the
load is increased. Once the higher loads were measured, the friction would not be
experienced with the same loads. Figure 4.3 shows the calibration graph for this system.

6.5
6.0

Load Cell Calibration

5.5
Load (lbf)

5.0
4.5
4.0

y = 207.16x + 0.28
R² = 1.00

3.5
3.0
2.5
2.0
0.0075

Figure 4.3

0.0125

0.0175
Voltage (V)

0.0225

0.0275

Load cell calibration graph

The next measuring device was the pressure transducer that measured the
chamber pressure of the LABROC. The transducer is a Validyne P305D. The model used
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here is capable of measuring a differential pressure of 200 psi. The transducer has two
cavities separated by a diaphragm. There is an inductance coil located in each of the
cavities, which measure reluctance. The coils are positioned so that there is an equal
distance between the coils and the diaphragm. When one cavity has a higher pressure, the
diaphragm deflects toward the cavity with the lower pressure causing the high pressure
cavity to have a larger gap and the lower pressure to have a smaller gap. Since the
magnetic reluctance is dependent on the size of the gap, the deflection of the diaphragm
causes the inductance of the coils to change.

Figure 4.4

LABROC pressure transducer

The pressure transducer was calibrated using the pressure gauges on the front of
the LABROC. The exit of the nozzle had to be sealed so that the pressure would build up
in the chamber. Otherwise, the gas would just flow out the nozzle without causing much
of a change in pressure. The calibration slope, 42.00 psi per volt, was then inserted into
the LABVIEW program. Figure 4.5 shows the calibration graph.
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Pressure Calibration
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Figure 4.5
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Pressure transducer calibration graph

Two type K thermocouples were used to measure the temperature of the water
flowing into and out of the nozzle. The existing circuits used to read the temperature were
replaced with a circuit utilizing two AD595A thermocouple amplifier chips [3]. The
chips are pre-calibrated to have an output proportional to the temperature in degrees
Celsius within the range of 0 and 50 degrees Celsius. The output voltage is multiplied by
100 to get the temperature in degrees Celsius. However, temperatures outside of this
range will be experienced during this study. However, the chips are still proportional
within this range [8]. Figure 4.6 shows the variation of output with temperature. Equation
4.1 is then used to convert to degrees Fahrenheit.
c   d  32

(4.1)
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Figure 4.6

Variation of AD595A output voltage

Figure 4.7 shows the AD595 chip and Figure 4.8 shows the wiring diagram for the chip
[8].

Figure 4.7

AD595 thermocouple amplifier chip

Figure 4.8

AD595 wiring diagram
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The mass flow rates were measured using two Omega FMA-800 series flow
meters. The flow meters work on the principle of a heat transfer. A small heated capillary
tube is connected to the main flow line. Only part of the flow goes through this tube.
Upstream and downstream temperature sensors determine the change in temperature
caused by the gas absorbing some of the heat. Figure 4.9 shows the setup for the capillary
tube [9].

Figure 4.9

Flow meter capillary tube diagram

The flow meters were calibrated using nitrogen. The volumetric flow rates varied from 0
to 500 liters per minute, and the output voltage varied from 0 to 5 volts. The mass flow
rates are calculated by multiplying the volumetric flow rates by the density of nitrogen. A
graph can then be constructed since the voltage varies linearly with the flow rate. This
gives the calibration slope for nitrogen. This value has to be corrected by multiplying by
a conversion factor, which is found using Equation 4.2 [9].
56F gF

.f  5

6G gG

(4.2)

where:
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Cfg

=

conversion factor

Cp1

=

specific heat of gas calibrated

ρ1

=

density of gas calibrated

Cp2

=

specific heat of new gas

ρ2

=

density of new gas

One safety feature of the LABROC is that there must be a sufficient flow rate of
water. The flow rate of water was measured using a differential pressure switch. If there
was not sufficient flow, the switch would remain open and the LABROC would not fire.
A water pump was also used to increase the flow rate so that it would be high enough.
When there was sufficient flow rate, a blue light on the front panel of the LABROC
would turn on.
To adjust the feed pressure, handles for three regulators were used. The pressure
was increased by turning the handle clockwise until the handle made contact with a
diaphragm. It was important to make sure the handles are not touching the diaphragms
when the tank valves are opened. The amount of pressure was determined by examining a
particular pressure gauge. There were a total of seven pressure gauges on the LABROC:
chamber pressure, oxygen supply, methane supply, nitrogen purge, oxygen tank, methane
tank, and nitrogen tank. The two supply gauges and the nitrogen purge gauge showed
how much pressure was being fed into the motor. Three solenoid valves were used to
keep the flow from continuously running through the motor. The oxygen and methane
valves were opened when the fire button on the front panel was pushed and stayed open
until the LABROC was shutdown. The nitrogen valve was opened only when the system
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was purged. An example of the regulators, pressure gauges, and solenoid valves are
shown in Figures 4.10, 4.11, and 4.12.

Figure 4.10

Regulator handle example

Figure 4.11

Pressure gauge example

Figure 4.12

Solenoid valve example
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Figure 4.13 shows the flow system for the LABROC.

Figure 4.13

LABROC flow system

As previously mentioned, the LABROC had to be operated manually. This was
done by using the control panel. The control panel allowed one to check to make sure
there was enough water flow by observing a blue light that indicated sufficient flow had
activated the proper relay enabling the fire button. If it was on, then the system had
sufficient water flow. The control panel also allowed the operator to purge the system
with nitrogen by use of a button. Purging the system was very important due to the fact
that any excess or leftover oxygen or methane in the motor would cause problems with
the next fire and any undesired reactions between the flammable gas and oxidizer with
air. Another feature of the control panel was the spark check button. This allowed the

30

Template Created By: James Nail 2010

operator to check that the spark plug that was being used to ignite the combustion
mixture was working.
The final features of the control panel had to do with actual tests. The fire button
was used to ignite the mixture. It was believed that once the mixture was ignited, the
mixture would continue to burn. However, the only way to get a continuous burn with the
feed pressures used for this series of tests was to hold down the fire button. The shutdown
button was located right beside the fire button. This was useful in case of any problems
that may occur during firing. Once the tests were completed, this button was pressed to
close the solenoid valves. The system automatically purges once the shutdown button is
pressed. The last feature is the burn time indicator. This was used to calculate the actual
sampling rate of the LABVIEW program. The timer would only run when the chamber
pressure was in excess of 75 psi. Figure 4.14 shows the control panel.

Figure 4.14

LABROC control panel
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CHAPTER V
LABROC EXPERIMENTAL RESULTS

Before operating the LABROC, there are a few steps that need to be taken. The
first is that the LABROC should be placed where there is proper ventilation. It should be
placed either outside or in a room with adequate ventilation. The next step is to plug in
the LABROC power cord and turn on the master power switch. The white light directly
above it should turn on. The water supply must also be checked. As stated above, the blue
light on the control panel will turn on if there is adequate water flow, which means that
the relay that allows the LABROC to run is closed. The voltages from the measuring
devices should also be checked. If one of the devices is reading an irregular voltage, then
the LABROC should not be fired until the problem has been fixed [10].
Everyone participating or watching the test should now be in the proper locations.
At least two people are required to operate the LABROC. One person should be running
the LABVIEW program while the other person is operating the LABROC. It is essential
that one person be in charge to issue both the fire and shutdown command. It is
acceptable for two other people to help. One of the extra people should stand outside
away from the motor but still be able to see the flame. Their job will be to let the others
know if there is a flameout or some other problem that may exist. The other extra person
will be used to help watch the gauges.
32

Template Created By: James Nail 2010

On the fire command, the person running the program will press the take data
button while the other person presses and holds down the fire button. It is essential that
everything be monitored carefully. If there is a problem, the LABROC operator should
flip the emergency shutdown switch.
For the current study, the tests were run in two separate ways. The first way was
to not vary the feed pressures. This allowed a continuous burn at a specific mixture ratio.
This was done to get to the appropriate chamber pressure. After the appropriate chamber
pressure was reached, the pressures were recorded. These became the starting pressures
for the tests where the mixture ratio was changed. To change the mixture ratio, the
oxygen supply was either increased or decreased by 10 psi, and the methane was then
adjusted to reach the appropriate chamber pressure. An increase in oxygen caused the
methane to be adjusted down while a decrease in oxygen caused the methane to be
adjusted up. Once each test was completed, the shutdown button was pressed and the
system purged. Figure 5.1 shows the flame coming out of the nozzle.

Figure 5.1

Flame from LABROC test
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Data was collected for various mixture ratios for both six and eight atmospheres.
The first thing that was done was to choose data of interest out of the original data for a
complete run. Figure 5.2 shows the initial plot of the pressure data from one of the files.

Pressure (psi)

120
100

Variation of Pressure

80
60
40
20
1
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921
1151
1381
1611
1841
2071
2301
2531
2761
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3221
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3681
3911
4141
4371

0

Data Point

Figure 5.2

Variation of pressure for one run

There are certain areas where the pressure remains roughly constant. These data points
were analyzed separately. However, even within these data files, there were unusual
spikes in the data which can be seen in Figure 5.3.
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Figure 5.3

Initial thrust graph of selected data
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The spikes in data were also eliminated from the data, averaged, and then plotted. This
caused the data to fit better. However, there was also some large variation in the data.
This could be due to noise in the system. The use of both high and low voltage in the
system causes noise. Voltage spikes are also caused by large voltage fluctuations that are
required to activate the various relays in the system.
Figures 5.4, 5.5, and 5.6 shows how the experimental data for the mass flow rate,
thrust, and specific impulse at six atmospheres compared to the theoretical data.
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Comparison of experimental to theoretical mass flow rate at 6 atm
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Comparison of experimental to theoretical thrust at 6 atm
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Comparison of experimental to theoretical specific impulse at 6 atm

As shown in Figure 5.4, the experimental flow rates came out higher than the theoretical.
This could be due to the pressure being slightly higher or the throat area being slightly
larger. On a few of the tests, water was seen in the nozzle after the burn. This also could
have played a part due to the water changing the chemistry of the mixture. These larger
flow rates are also the reason why the thrust is slightly higher and the specific impulse is
slightly lower. Despite the higher flow rate, the experimental data follows the trend of the
theoretical data.
The data that was taken at eight atmospheres displayed the same behavior. The
mass flow rate was slightly higher, which resulted in a higher thrust and lower specific
impulse. The comparison of the mass flow rate, thrust, and specific impulse at eight
atmospheres is shown Figures 5.7, 5.8, and 5.9.
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Comparison of experimental to theoretical mass flow rate at 8 atm
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CHAPTER VI
NOZZLE DESIGN

A nozzle was designed modeled after an Aerotech M1600R solid reload motor.
This motor produced 400 pounds of thrust for approximately four seconds [11]. Other
conditions placed on the design were that the chamber pressure be only 20 atmospheres
and that the exit pressure equal atmospheric pressure so that the nozzle is perfectly
expanded. Since sea level atmospheric pressure was used, the nozzle will become underexpanded as it rises in altitude unless it has a variable exit area. EQCHEM.BAS was used
to obtain the chemical properties for this mixture.
The first calculation was determining the gas constant. This was done using
Equation 2.17. The exit Mach number is calculated next since the chamber and exit
pressure are both known as well as the mixture properties. This is Equation 2.15. Then,
the area ratio was found using the Area-Mach number equation, which is Equation 2.14.
The ratio of the exit temperature to chamber temperature is calculated using Equation 6.1,
which is the isentropic equation for temperature ratio [5].
hi
hj

 0k 

l'k
m

ni m 1

'k

(6.1)

where:
Te

=

exit temperature
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Tc

=

chamber temperature

γ

=

specific heat ratio

Me

=

exit Mach number

The speed of sound and velocity at the exit is calculated next using Equations 6.2 and 6.3.


o@  p2P > +5
N@  ?@ o@

(6.2)

M

(6.3)

where:
ae

=

speed of sound at the exit

R

=

gas constant of mixture

ue

=

exit velocity

Finally, the mass flow rate, thrust and specific impulse is found using Equations
2.18, 2.19, and 2.20. The throat diameter is adjusted until the required force is found. For
this case, this nozzle will have a throat diameter of 1.12 inches and an exit diameter of
2.08 inches. The throat area is 0.985 square inches and the exit area is 3.40 square inches.
This nozzle will produce a thrust of 405 pounds as long as there is adequate propellant.
The mass flow rate of the rocket is 89.9 pounds mass per minute. The mixture ratio for
the nozzle was chosen to be two due to the fact that there is a minimum in mass flow rate
around this ratio. For a four second burn, the rocket will consume 2.0 pounds mass of
methane and 4.0 pounds mass of oxygen for a total of 6.0 pounds mass of propellant.
Appendix D shows the MathCAD sheet that was used to design the nozzle.
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CHAPTER VII
CONCLUSIONS

The range and trend in experimental results matched closely to the theoretical
values. However, there was some slight variance. The experimental mass flow rate was
slightly higher than the theoretical values. The variance could be due to a couple of
reasons. The first is that the nozzle could have been measured incorrectly. If the throat
was slightly larger than what was measured, then the theoretical flow rate would also be
higher. It should also be noted that there is some slight corrosion and heating effects on
the nozzle as the tests were performed. Water was also noticed during the tests. This
could cause the mixture to be changed. The mass flow meters used to determine the flow
rates of methane and oxygen could also be slightly different. The chamber pressure could
also be slightly different than the theoretical value. The pressure varied despite trying to
keep it at a constant pressure. A higher chamber pressure would lead to a higher flow
rate. This higher experimental flow rate leads to a higher thrust as well as a lower specific
impulse.
There are some problems that need to be addressed with the LABROC. The main
problem is that when the spark check or fire button is pressed, a voltage spike occurs in
the thermocouple circuits. When the spark plug wire is grounded to the frame, this
problem does not occur. The problem could be that the spark plug wire is not properly
40
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grounded when it is installed on the spark plug. A solution was tried by grounding the
spark plug to the frame, which was grounded. However, this did not solve the problem.
Another problem with the hardware is that the fire button had to be constantly pressed
down to keep the mixture burning. The spark plug is supposed to continuously spark until
the chamber pressure reaches 75 pounds per square inch and then stop firing. This
problem could be due to a bad switch, which reads the pressure from the chamber and
cuts the spark plug on and off. Similarly, when the LABVIEW program was used to
operate the LABROC, there was only an initial spark, which was insufficient to ignite the
mixture. Further investigation into the actual wiring of the spark plug circuit should be
analyzed. The components within this system should also be examined to ensure that they
are all functioning correctly.
The viability of using methane as a fuel was shown by designing a nozzle, which
produced the equivalent performance of a commercially available solid propellant motor.
Despite a low chamber pressure, the nozzle parameters did not become extremely large.
This low chamber pressure allows the combustion chamber to be lighter. It also permits
the fuel and oxidizer tanks to be smaller due to a lower supply pressure. Further research
into the complete design of a methane and oxygen reaction, such as tank sizes and
combustion chamber size, would lead to an actual fully built rocket.
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APPENDIX A
EQCHEM.BAS PROGRAM
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10 ' **************************************************************
20 ' EQCHEM.BAS
30 ' PROGRAM FOR DETERMINING: (1) THE EQUILIBRIUM COMPOSITION OF
40 ' GASEOUS C/H/O/N SYSTEMS INVOLVING TEN SPECIES: CO2, CO, O2, O,
50 ' NO, N2, H, H2, OH, AND H2O, (2) THE FLAME TEMPERATURE (FOR
60 ' H2-O2, CH4-O2 SYSTEMS ONLY) BASED ON THE MIXTURE COMPOSITION
70 ' BY BALANCING THE ENTHALPY EQUATION (KUO 1-208), (3) THE PARTIAL
80 ' PRESSURES OF THE SPECIES, THE MOLECULAR WEIGHT OF THE MIXTURE,
90 ' THE RATIO OF SPECIFIC HEATS (GAMMA) OF THE MIXTURE, AND THE
100 ' CHARACTERISTIC VELOCITY IN THE COMBUSTION CHAMBER.
110 ' **************************************************************
' WHEN USING EQDELH.DAT (KUO), CHANGE INPUT LOOP FOR 34 VALUES, AND
' CHANGE DELHT0(1)=DELHCO2(1), DELHT0(2)=DELHCO(1), ETC...
' IF USING EQDELHGM.DAT (GORDON AND MCBRIDE), CHANGE INPUT LOOP
FOR 52 VALUES,
' AND CHANGE DELHT0(1)=DELHCO2(4), DELHT0(2)=DELHCO(4), ETC...
COLOR 7, 1, 1
120 CLS
130 DIM TEMP(52), DELHCO2(52), DELHCO(52), DELHO2(52), DELHO(52),
DELHNO(52), DELHN2(52), DELHH(52), DELHH2(52), DELHOH(52), DELHH2O(52),
DELHCH4(52), DELHTI(11), DELHT0(11)
140 OPEN "EQDELHGM.DAT" FOR INPUT AS #3 'DATA FILE FOR ENTHALPY
DIFF.
150 EPS = .001
'TOLERANCE FOR AOP,AO (INNNER) COMPOSITION LOOP
EPS1 = .0013 'TOLERANCE FOR NTP,NT (OUTER) COMPOSITION LOOP
160 DELT = 100
LOCATE 9, 30: COLOR 15, 1, 1: PRINT "***** PC-CEC *****": COLOR 7, 1, 1
LOCATE 11, 12: PRINT "A PC BASED PROGRAM FOR CHEMICAL EQUILIBRIUM
CALCULATIONS"
170 LOCATE 14, 7: PRINT "THIS PROGRAM WILL CALCULATE THE
COMPOSITION OF ANY C/H/O/N MIXTURE"
180 LOCATE 15, 7: PRINT "BASED ON THE KNOWN AMOUNTS OF THE
REACTANTS, THE MIXTURE TEMPERATURE,"
190 LOCATE 16, 7: PRINT "THE SYSTEM PRESSURE, AND THE INITIAL
TEMPERATURE OF THE REACTANTS."
LOCATE 19, 26: COLOR 15, 1, 1: PRINT "PRESS ANY KEY TO CONTINUE":
COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
CLS
LOCATE 7, 15: PRINT "BELOW IS A LIST OF THE REQUIRED USER INPUTS
FOR"
LOCATE 8, 13: PRINT "THE TYPES OF C/H/O/N SYSTEMS HANDLED BY THIS
PROGRAM"
LOCATE 11, 6: PRINT "HYDROGEN-OXYGEN
METHANE-OXYGEN
GENERAL C/H/O/N"
LOCATE 12, 5: PRINT "--------------------------------------------------------"
LOCATE 13, 5: PRINT "* MIXTURE RATIO
* MIXTURE RATIO
* # OF
ELEMENTAL ATOMS"
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LOCATE 14, 5: PRINT "* INITIAL TEMP OF
* INITIAL TEMP OF
*
MIXTURE TEMP. "
LOCATE 15, 5: PRINT " REACTANTS
REACTANTS
* MIXTURE
PRESSURE"
LOCATE 16, 5: PRINT "* MIXTURE PRESSURE
* MIXTURE PRESSURE"
LOCATE 21, 26: COLOR 15, 1, 1: PRINT "PRESS ANY KEY TO CONTINUE":
COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
250 A$ = ""
CLS
LOCATE 5, 8: PRINT "BASED ON THE FOLLOWING LIST OF SYSTEMS
HANDLED BY THIS PROGRAM"
LOCATE 7, 25: PRINT "("; : COLOR 15, 1, 1: PRINT "H"; : COLOR 7, 1, 1: PRINT
")YDROGEN-OXYGEN SYSTEM"
LOCATE 8, 25: PRINT "("; : COLOR 15, 1, 1: PRINT "M"; : COLOR 7, 1, 1: PRINT
")ETHANE-OXYGEN SYSTEM"
LOCATE 9, 25: PRINT "("; : COLOR 15, 1, 1: PRINT "G"; : COLOR 7, 1, 1: PRINT
")ENERAL C/H/O/N SYSTEM"
LOCATE 11, 7: PRINT "CHOOSE THE FIRST LETTER WHICH CORRESPONDS TO
THE DESIRED SYSTEM :"
DO WHILE A$ = ""
A$ = INKEY$
LOOP
LOCATE 11, 73: COLOR 15, 1, 1: PRINT A$: COLOR 7, 1, 1: SLEEP 1
260 IF A$ = "H" OR A$ = "h" THEN
CLS : S$ = "HYDROGEN-OXYGEN SYSTEM"
PRINT "---------------------------- "; : COLOR 15, 1, 1: PRINT S$; : COLOR 7, 1, 1:
PRINT " ----------------------------"
270 PRINT : INPUT "PLEASE PROVIDE MIXTURE RATIO (O/F)"; OF
280 AH = 16! * 1! / OF
290 AO = 1
300 AC = 0
310 AN = 0
PRINT : PRINT "PLEASE PROVIDE INITIAL TEMPERATURE OF"
INPUT " FUEL (H2) ( >= 0 K )"; TIF
PRINT : PRINT "PLEASE PROVIDE INITIAL TEMPERATURE OF"
INPUT " OXIDIZER (O2) ( >= 0 K )"; TIO
ELSEIF A$ = "M" OR A$ = "m" THEN
CLS : S$ = "METHANE-OXYGEN SYSTEM"
PRINT "---------------------------- "; : COLOR 15, 1, 1: PRINT S$; : COLOR 7, 1, 1:
PRINT " ----------------------------"
PRINT : INPUT "PLEASE PROVIDE MIXTURE RATIO (O/F)"; OF
IF OF <= 4 THEN
NN = (4 / OF) - 1
AC = 1 + NN: AH = 4 * (1 + NN): AO = 4: AN = 0
ELSE
MM = (OF / 2) - 2
AC = 1: AH = 4: AO = 2 * (2 + MM): AN = 0
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END IF
PRINT : PRINT "PLEASE PROVIDE INITIAL TEMPERATURE OF"
INPUT "FUEL (CH4) ( >= 0 K )"; TIF
PRINT : PRINT "PLEASE PROVIDE INITIAL TEMPERATURE OF"
INPUT "OXIDIZER (O2) ( >= 0 K )"; TIO
ELSEIF A$ = "G" OR A$ = "g" THEN
CLS : S$ = "C/H/O/N SYSTEM"
PRINT "------------------------------- "; : COLOR 15, 1, 1: PRINT S$; : COLOR 7, 1, 1:
PRINT " -------------------------------"
LOCATE 3, 10: PRINT "FOR GENERAL C/H/O/N SYSTEMS, THE NUMBER OF
ATOMS OF EACH ELEMENT"
LOCATE 4, 10: PRINT "IS ENTERED AS IN THE FOLLOWING EXAMPLE OF THE
STOICHIOMETRIC"
LOCATE 5, 10: PRINT "COMBUSTION OF OCTANE IN AIR, REPRESENTED BY
THE FORMULA:"
LOCATE 7, 25: PRINT "C8 H18 + 12.5 O2 + 47 N2"
LOCATE 9, 10: PRINT "IN THIS CASE, THE NUMBER OF ATOMS OF EACH
ELEMENT WOULD BE"
LOCATE 11, 23: PRINT "C = 8, H = 18, O = 25, AND N = 94."
330 PRINT : INPUT "PLEASE PROVIDE NUMBER OF CARBON ATOMS"; AC
340 INPUT "PLEASE PROVIDE NUMBER OF HYDROGEN ATOMS"; AH
350 INPUT "PLEASE PROVIDE NUMBER OF OXYGEN ATOMS"; AO
360 INPUT "PLEASE PROVIDE NUMBER OF NITROGEN ATOMS"; AN
365 CLS : PRINT "------------------------------- "; : COLOR 15, 1, 1: PRINT S$; : COLOR 7,
1, 1: PRINT " -------------------------------"
LOCATE 3, 15: PRINT "C = "; AC: LOCATE 3, 30: PRINT "H = "; AH: LOCATE 3,
45: PRINT "O = "; AO: LOCATE 3, 60: PRINT "N = "; AN
AA$ = "": PRINT : INPUT "PLEASE PROVIDE A MIXTURE TEMPERATURE (K)";
T
IF T > 5000 THEN
COLOR 14, 1, 1: PRINT : PRINT TAB(13); "******************** WARNING
********************"
PRINT : PRINT TAB(7); "THIS MIXTURE TEMPERATURE IS NOT WITHIN THE
RANGE OF 300 K -"
PRINT TAB(7); "5000 K NECESSARY FOR THE SPECIFIC HEAT (Cp)
CALCULATION FOR ATOMIC"
PRINT TAB(7); "OXYGEN. IN ORDER TO OBTAIN SPECIFIC HEAT AND
SPECIFIC HEAT RATIO "
PRINT TAB(7); "VALUES FOR THE MIXTURE, YOU MUST RESTART THE
PROGRAM WITH A MIXTURE"
PRINT TAB(7); "TEMPERATURE IN THIS RANGE. OTHERWISE, THESE
VALUES WILL BE OMITTED."
PRINT : PRINT "DO YOU WISH TO CONTINUE WITH THE CURRENT MIXTURE
TEMPERATURE ("; : COLOR 15, 1, 1: PRINT "Y"; : COLOR 14, 1, 1: PRINT "/"; : COLOR
15, 1, 1: PRINT "N"; : COLOR 14, 1, 1: PRINT ")?"
DO WHILE AA$ = ""
AA$ = INKEY$
LOOP
LOCATE 15, 69: COLOR 15, 1, 1: PRINT AA$: SLEEP 1: COLOR 7, 1, 1
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IF AA$ = "Y" OR AA$ = "y" THEN
GOTO 390
ELSE
GOTO 365
END IF
ELSE
GOTO 390
END IF
ELSE
PRINT : COLOR 14, 1, 1: PRINT "*************** YOU MUST CHOOSE ONE OF
THE ABOVE SELECTIONS ***************"
PRINT : COLOR 15, 1, 1: PRINT TAB(25); "PRESS ANY KEY TO CONTINUE":
COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
GOTO 250
370 END IF
380 T = 650
'STARTING ITERATION TEMP (K)
390 PRINT : INPUT "PLEASE PROVIDE MIXTURE PRESSURE (atm)"; P
420 A = 0
430 T0 = 298.16
IF S$ = "C/H/O/N SYSTEM" THEN GOTO 580
CLS : LOCATE 3, 10: COLOR 31, 1, 1: PRINT "BALANCING SYSTEM ENTHALPY
BY ITERATING UPON TEMPERATURE": COLOR 7, 1, 1
LOCATE 5, 20: PRINT "TEMP (K)": LOCATE 5, 45: PRINT "DELTA H"
440 'READ IN ENTHALPY DIFFERENCES & COMPUTE FOR REACTANTS
(H2,O2)***
450 FOR I = 1 TO 52
460 INPUT #3, TEMP(I), DELHCO2(I), DELHCO(I), DELHO2(I), DELHO(I),
DELHNO(I), DELHN2(I), DELHH(I), DELHH2(I), DELHOH(I), DELHH2O(I), DELHCH4(I)
470 NEXT I
480 K = 1
490 IF TIF = TEMP(K) THEN
IF S$ = "METHANE-OXYGEN SYSTEM" THEN
DELHTI(11) = DELHCH4(K)
ELSE
500 DELHTI(8) = DELHH2(K)
END IF
510 ELSEIF TIF > TEMP(K) AND TIF < TEMP(K + 1) THEN
IF S$ = "METHANE-OXYGEN SYSTEM" THEN
DELHTI(11) = (((TIF - TEMP(K)) * (DELHCH4(K + 1) - DELHCH4(K))) / (TEMP(K
+ 1) - TEMP(K))) + DELHCH4(K)
ELSE
530 DELHTI(8) = (((TIF - TEMP(K)) * (DELHH2(K + 1) - DELHH2(K))) / (TEMP(K +
1) - TEMP(K))) + DELHH2(K)
END IF
ELSE
K=K+1
GOTO 490
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END IF
K=1
535 IF TIO = TEMP(K) THEN
DELHTI(3) = DELHO2(K)
ELSEIF TIO > TEMP(K) AND TIO < TEMP(K + 1) THEN
DELHTI(3) = (((TIO - TEMP(K)) * (DELHO2(K + 1) - DELHO2(K))) / (TEMP(K + 1) TEMP(K))) + DELHO2(K)
540 ELSE
550 K = K + 1
560 GOTO 535
570 END IF
580 R = 8.314
'GAS CONSTANT PER MOLE (kJ/kg mol K)
590 FOR I = 1 TO 10: READ A$(I): NEXT I
600 DATA CO2,CO,O2,O,NO,N2,H,H2,OH,H2O
610 'BEGINNING OF ORIGINAL KP CURVEFIT DATA ************************
620 'FOR I = 1 TO 6: READ KA(I), KB(I), KC(I), KD(I): NEXT I
630 ' DATA 33805,
0.7422,
165.8,
-16.5739
640 ' DATA 57126,
-0.01,
599,
-16.3201
650 ' DATA -14096,
-0.6893,
-1375.3, 9.668
660 ' DATA 33587,
0.5604,
3327,
-20.8683
670 ' DATA 44216,
-0.1319,
1298,
-13.1303
680 ' DATA 42450,
-1.074,
-2147,
3.2515
690 'FOR I = 1 TO 6
700 ' K(I) = EXP((KA(I) / T) + (KB(I) + KC(I) / T) * LOG(T) + KD(I)): NEXT I
710 'BEGINNING OF KUO KP CURVEFIT DATA *****************************
720 'THE COEFFICIENTS (1-7) ARE FOR Kp,1 - Kp,4; Kp,6; Kp,9; Kp,10 (Kuo)
730 FOR I = 1 TO 7: READ KA(I), KB(I), KC(I), KD(I): NEXT I
740 DATA -27500.45, -0.0186278, -459.7472, 8.422563
750 DATA -22953.93, 0.1131557, -621.0453, 6.552649
760 DATA -5576.693, -0.1233901, 82.42605, 2.672545
770 DATA 23946.61, 0.2030367, 1031.616, -9.309218
780 DATA -9899.007, -0.1477077, -193.7042, 2.888774
790 DATA 15562.85, -1.270286, -570.829, 21.28204
800 DATA 47111.87, -0.2585484, 14.359668, 2.185843
810 FOR I = 1 TO 7
820 KP(I) = EXP((KA(I) / T) + (KB(I) + KC(I) / T) * LOG(T) + KD(I)): NEXT I
830 K(1) = KP(7) / KP(6): K(2) = 1 / (KP(1) ^ 2): K(3) = KP(5) ^ 2: K(4) = 1 / (KP(2) ^ 2)
840 K(5) = KP(3) / (KP(1) * KP(2)): K(6) = KP(4)
IF S$ = "C/H/O/N SYSTEM" THEN GOTO 1280
850 'HEATS OF FORMATIONS FOR DIFFERENT SPECIES (cal/mole) **********
860 HF(1) = -94.054 * 1000!: HF(2) = -26.42 * 1000!: HF(3) = 0!: HF(4) = 59.559 * 1000!
870 HF(5) = 21.58 * 1000!: HF(6) = 0!: HF(7) = 52.1 * 1000!: HF(8) = 0!
880 HF(9) = 9.432 * 1000!: HF(10) = -68.32 * 1000!: HFCH4 = -17.895 * 1000!
890 'BEGINNING OF ENTHALPY DIFFERENCE LINEAR APPROXIMATIONS
********
900 'DELHT0(1) = 12.286 * T0 - 1425.08: DELHTF(1) = 15.042 * T - 5559
910 'DELHT0(2) = 7.7266 * T0 - 231.13: DELHTF(2) = 8.8838 * T - 1966.9
920 'DELHT0(3) = 8.3135 * T0 - 408.95: DELHTF(3) = 9.7007 * T - 3183.4
930 'DELHT0(4) = 5.0437 * T0 + 103.57: DELHTF(4) = DELHT0(4)
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940 'DELHT0(5) = 7.9044 * T0 - 162.58: DELHTF(5) = 8.996 * T - 1800
950 'DELHT0(6) = 7.6394 * T0 - 205.46: DELHTF(6) = 8.8475 * T - 2017.65
960 'DELHT0(7) = 4.968 * T0 - .0589: DELHTF(7) = DELHT0(7)
970 'DELHT0(8) = 7.4318 * T0 - 192.07: DELHTF(8) = 8.9258 * T - 3180
980 'DELHT0(9) = 7.5529 * T0 - 145.77: DELHTF(9) = 8.9833 * T - 3006.6
990 'DELHT0(10) = 9.5523 * T0 - 480.41: DELHTF(10) = 12.858 * T - 5439
1000 'ENTHALPY DIFFERENCES FOR T0 (298.16 K) ************************
1010 DELHT0(1) = DELHCO2(4): DELHT0(2) = DELHCO(4): DELHT0(3) = DELHO2(4)
1020 DELHT0(4) = DELHO(4): DELHT0(5) = DELHNO(4): DELHT0(6) = DELHN2(4)
1030 DELHT0(7) = DELHH(4): DELHT0(8) = DELHH2(4): DELHT0(9) = DELHOH(4)
1040 DELHT0(10) = DELHH2O(4): DELHT0(11) = DELHCH4(4)
1050 'ENTHALPY DIFFERENCES FOR Tf ***********************************
1060 J = 1
1070 IF T = TEMP(J) THEN
1080 DELHTF(1) = DELHCO2(J): DELHTF(2) = DELHCO(J): DELHTF(3) = DELHO2(J)
1090 DELHTF(4) = DELHO(J): DELHTF(5) = DELHNO(J): DELHTF(6) = DELHN2(J)
1100 DELHTF(7) = DELHH(J): DELHTF(8) = DELHH2(J): DELHTF(9) = DELHOH(J)
1110 DELHTF(10) = DELHH2O(J)
1120 ELSEIF T > TEMP(J) AND T < TEMP(J + 1) THEN
1130 DELHTF(1) = (((T - TEMP(J)) * (DELHCO2(J + 1) - DELHCO2(J))) / (TEMP(J + 1)
- TEMP(J))) + DELHCO2(J)
1140 DELHTF(2) = (((T - TEMP(J)) * (DELHCO(J + 1) - DELHCO(J))) / (TEMP(J + 1) TEMP(J))) + DELHCO(J)
1150 DELHTF(3) = (((T - TEMP(J)) * (DELHO2(J + 1) - DELHO2(J))) / (TEMP(J + 1) TEMP(J))) + DELHO2(J)
1160 DELHTF(4) = (((T - TEMP(J)) * (DELHO(J + 1) - DELHO(J))) / (TEMP(J + 1) TEMP(J))) + DELHO(J)
1170 DELHTF(5) = (((T - TEMP(J)) * (DELHNO(J + 1) - DELHNO(J))) / (TEMP(J + 1) TEMP(J))) + DELHNO(J)
1180 DELHTF(6) = (((T - TEMP(J)) * (DELHN2(J + 1) - DELHN2(J))) / (TEMP(J + 1) TEMP(J))) + DELHN2(J)
1190 DELHTF(7) = (((T - TEMP(J)) * (DELHH(J + 1) - DELHH(J))) / (TEMP(J + 1) TEMP(J))) + DELHH(J)
1200 DELHTF(8) = (((T - TEMP(J)) * (DELHH2(J + 1) - DELHH2(J))) / (TEMP(J + 1) TEMP(J))) + DELHH2(J)
1210 DELHTF(9) = (((T - TEMP(J)) * (DELHOH(J + 1) - DELHOH(J))) / (TEMP(J + 1) TEMP(J))) + DELHOH(J)
1220 DELHTF(10) = (((T - TEMP(J)) * (DELHH2O(J + 1) - DELHH2O(J))) / (TEMP(J +
1) - TEMP(J))) + DELHH2O(J)
1230 ELSE
1240 J = J + 1
1250 GOTO 1070
1260 END IF
1270 'DETERMINING COMPOSITION OF MIXTURE ****************************
1280 IF P = 0 GOTO 1310 ELSE 1290
1290 NT = AC + AH / 2 + AN / 2 + (AO / 2 - AC - AH / 4)
1300 A = P / NT
1310 W1 = K(1) * SQR(A): W2 = K(2) * A: W3 = K(3): W4 = K(4) * A: W5 = K(5) * A:
W6 = K(6) * SQR(A)
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1320 N7MAX = (SQR(1 + 8 * AH * W4) - 1) / (4 * W4): N7MIN = 0
1330 N(7) = (N7MAX + N7MIN) / 2
1340 N(9) = (AH - N(7) * (1 + 2 * W4 * N(7))) / (1 + 2 * W4 * W6 * N(7) * SQR(W2) /
W5)
1350 N(8) = W4 * N(7) ^ 2: N(10) = N(9) * N(7) * W4 * W6 * SQR(W2) / W5
1360 N(4) = N(9) / (W5 * N(7)): N(3) = W2 * (N(4) ^ 2): N(1) = AC / (1 + 1 / (W1 *
SQR(N(3)))): N(2) = AC - N(1)
1370 N(5) = W3 * N(3) * (SQR(1 + 8 * AN / (W3 * N(3))) - 1) / 4: N(6) = (AN - N(5)) / 2
1380 AOP = 2 * (N(1) + N(3)) + N(2) + N(4) + N(5) + N(9) + N(10)
1390 IF ABS((AOP - AO) / AO) < EPS THEN 1420
1400 IF AO > AOP THEN N7MAX = N(7): GOTO 1330
1410 N7MIN = N(7): GOTO 1330
1420 NTP = 0
1430 FOR I = 1 TO 10: NTP = NTP + N(I): NEXT I
1440 IF P = 0 GOTO 1480 ELSE 1450
1450 IF ABS((NTP - NT) / NT) < EPS1 THEN 1480
1460 NT = NTP: GOTO 1300
1470 'EVALUATING TERMS IN ENTHALPY BALANCE **************************
1480 IF S$ = "C/H/O/N SYSTEM" THEN GOTO 1860
NUHF = 0!
1490 FOR I = 1 TO 10: NUHF = NUHF + (N(I) * HF(I)): NEXT I
IF S$ = "METHANE-OXYGEN SYSTEM" THEN
NURHF = AC * HFCH4
ELSE
NURHF = 0!
END IF
1500 NUDELH = 0!
1510 FOR I = 1 TO 10: NUDELH = NUDELH + (N(I) * (DELHTF(I) - DELHT0(I))):
NEXT I
IF S$ = "HYDROGEN-OXYGEN SYSTEM" THEN
1520 NURDELH = AO * (DELHT0(3) - DELHTI(3)) + AH * (DELHT0(8) - DELHTI(8))
ELSEIF S$ = "METHANE-OXYGEN SYSTEM" THEN
NURDELH = AO * (DELHT0(3) - DELHTI(3)) + AC * (DELHT0(11) - DELHTI(11))
END IF
1530 ENTHBAL = NUHF - NURHF + NUDELH + NURDELH
'1540 PRINT:PRINT T; " K "; " "; NUHF; " "; -NURHF; " "; NUDELH; " "; NURDELH; "
"; ENTHBAL
PRINT TAB(20); T; " K "; TAB(40); : PRINT USING "+#######.## "; ENTHBAL; :
PRINT "cal/mole"
1550 'BALANCING ENTHALPY (DELTA H = 0) ******************************
1560 IF ENTHBAL < 0 AND DELT = 100 THEN
1570 T = T + DELT
1580 GOTO 810
1590 ELSEIF ENTHBAL > 0 AND DELT = 100 THEN
1600 DELT = -20
1610 T = T + DELT
1620 GOTO 810
1630 ELSEIF ENTHBAL > 0 AND DELT = -20 THEN
1640 T = T + DELT
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1650 GOTO 810
1660 ELSEIF ENTHBAL < 0 AND DELT = -20 THEN
1670 DELT = 1
1680 T = T + DELT
1690 ENTHBL1 = ENTHBAL
1700 GOTO 810
1710 ELSEIF ENTHBAL < 0 AND DELT = 1 THEN
1720 T = T + DELT
1730 ENTHBL1 = ENTHBAL
1740 GOTO 810
1750 ELSEIF ENTHBAL > 0 AND DELT = 1 THEN
1760 IF ABS(ENTHBAL - 0) > ABS(ENTHBL1 - 0) THEN
1770 T = T - 1
SLEEP 3: CLS : PRINT "************************* CONVERGENCE HAS BEEN
REACHED *************************"
1780 LOCATE 3, 22: PRINT " FLAME TEMPERATURE = "; T; " K"
LOCATE 4, 22: PRINT "ENTHALPY BALANCE EQN = "; USING "+###.##";
ENTHBL1; : PRINT " cal/mole"
1790 LOCATE 7, 13: COLOR 15, 1, 1: PRINT "PRESS ANY KEY TO CONTINUE
WITH CHEMISTRY CALCULATIONS": COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
1800 ELSEIF ABS(ENTHBAL - 0) < ABS(ENTHBL1 - 0) THEN
SLEEP 2: CLS : PRINT "************************* CONVERGENCE HAS BEEN
REACHED *************************"
1810 LOCATE 3, 22: PRINT " FLAME TEMPERATURE = "; T; " K"
LOCATE 4, 22: PRINT "ENTHALPY BALANCE EQN = "; USING "+###.##";
ENTHBAL; : PRINT " cal/mole"
1820 LOCATE 7, 13: COLOR 15, 1, 1: PRINT "PRESS ANY KEY TO CONTINUE
WITH CHEMISTRY CALCULATIONS": COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
1830 END IF
1840 END IF
1850 'CALCULATING MOLE, MASS FRACTIONS; PARTIAL PRESSURES
***********
1860 FOR I = 1 TO 10: MF(I) = N(I) / NTP: NEXT I
1870 M(1) = 12 + 2 * 16: M(2) = 12 + 16: M(3) = 2 * 16: M(4) = 16: M(5) = 14 + 16
1880 M(6) = 2 * 14: M(7) = 1: M(8) = 2: M(9) = 16 + 1: M(10) = 2 + 16
1890 MMIX = MF(1) * M(1) + MF(2) * M(2) + MF(3) * M(3) + MF(4) * M(4) + MF(5) *
M(5) + MF(6) * M(6) + MF(7) * M(7) + MF(8) * M(8) + MF(9) * M(9) + MF(10) * M(10)
1900 FOR I = 1 TO 10: C(I) = MF(I) * (M(I) / MMIX): NEXT I
2060 THETA = T / 100
IF T > 5000 THEN GOTO 2340
2080 'CALCULATING Cp AND GAMMA FOR MIXTURE AS fn(T) *****************
2090 CPMF1 = -3.7357 + 30.529 * THETA ^ (.5) - 4.1034 * THETA + .024198 * THETA ^
(2)
2100 CPMF2 = 69.145 - .70463 * THETA ^ (.75) - 200.77 * THETA ^ (-.5) + 176.76 *
THETA ^ (-.75)
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2110 CPMF3 = 37.432 + .020102 * THETA ^ (1.5) - 178.57 * THETA ^ (-1.5) + 236.88 *
THETA ^ (-2)
2120 IF T >= 300 AND T <= 1000 THEN
2130 CPMF4 = (3.0218894# + (-.0021737249#) * T + .0000037542203# * T ^ 2 + (2.99472E-09) * T ^ 3 + 9.0777547D-13 * T ^ 4) * R
2140 ELSEIF T > 1000 AND T <= 5000 THEN
2150 CPMF4 = (2.5372567# + (-1.842219E-05) * T + (-.0000000088017921#) * T ^ 2 +
5.9643621D-12 * T ^ 3 + (-5.5743608D-16) * T ^ 4) * R
2210 END IF
2220 CPMF5 = 59.283 - 1.7096 * THETA ^ (.5) - 70.613 * THETA ^ (-.5) + 74.889 *
THETA ^ (-1.5)
2230 CPMF6 = 39.06 - 512.79 * THETA ^ (-1.5) + 1072.7 * THETA ^ (-2) - 820.4 *
THETA ^ (-3)
2240 CPMF7 = 2.5 * R
2250 CPMF8 = 56.505 - 702.74 * THETA ^ (-.75) + 1165! * THETA ^ (-1) - 560.7 *
THETA ^ (-1.5)
2260 CPMF9 = 81.546 - 59.35 * THETA ^ (.25) + 17.329 * THETA ^ (.75) - 4.266 *
THETA
2270 CPMF10 = 143.05 - 183.54 * THETA ^ (.25) + 82.751 * THETA ^ (.5) - 3.6989 *
THETA
2280 CPMIX = MF(1) * CPMF1 + MF(2) * CPMF2 + MF(3) * CPMF3 + MF(4) * CPMF4 +
MF(5) * CPMF5 + MF(6) * CPMF6 + MF(7) * CPMF7 + MF(8) * CPMF8 + MF(9) * CPMF9 +
MF(10) * CPMF10
2310 GAMMIX = CPMIX / (CPMIX - R)
2330 CSTAR = SQR(1 / GAMMIX * ((GAMMIX + 1) / 2) ^ ((GAMMIX + 1) / (GAMMIX 1)) * R * 1000 * T / MMIX)
2340 L$ = "": CLS
LOCATE 5, 13: PRINT "A SUMMARY OF THE COMPOSITION AND
THERMODYNAMIC PROPERTIES"
LOCATE 6, 13: PRINT "OF THE SYSTEM IS COMPLETE. BASED ON THE
FOLLOWING LIST"
LOCATE 8, 35: PRINT "("; : COLOR 15, 1, 1: PRINT "S"; : COLOR 7, 1, 1: PRINT
")CREEN"
LOCATE 9, 35: PRINT "("; : COLOR 15, 1, 1: PRINT "P"; : COLOR 7, 1, 1: PRINT
")RINTER"
LOCATE 10, 35: PRINT "("; : COLOR 15, 1, 1: PRINT "O"; : COLOR 7, 1, 1: PRINT
")UTPUT FILE"
LOCATE 12, 22: PRINT "CHOOSE THE LETTER WHICH CORRESPONDS"
LOCATE 13, 22: PRINT "TO THE DESIRED METHOD OF OUTPUT :"
DO WHILE L$ = ""
L$ = INKEY$
LOOP
LOCATE 13, 56: COLOR 15, 1, 1: PRINT L$: COLOR 7, 1, 1: SLEEP 1
IF L$ = "S" OR L$ = "s" THEN
OPEN "SCRN:" FOR OUTPUT AS #1
ELSEIF L$ = "P" OR L$ = "p" THEN
OPEN "LPT1:" FOR OUTPUT AS #1
CLS
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LOCATE 5, 15: COLOR 14, 1, 1: PRINT "MAKE SURE THAT THE PRINTER (LPT1)
IS ON AND READY"
LOCATE 7, 27: COLOR 15, 1, 1: PRINT "PRESS ANY KEY WHEN READY":
COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
ELSEIF L$ = "O" OR L$ = "o" THEN
CLS : LOCATE 3, 15
INPUT "ENTER THE NAME OF THE DESIRED OUTPUT FILE"; OF$
OPEN OF$ FOR OUTPUT AS #1
ELSE
PRINT : COLOR 14, 1, 1: PRINT "*************** YOU MUST CHOOSE ONE OF
THE ABOVE SELECTIONS ***************"
PRINT : COLOR 15, 1, 1: PRINT TAB(25); "PRESS ANY KEY TO CONTINUE":
COLOR 7, 1, 1
DO WHILE INKEY$ = ""
LOOP
GOTO 2340
END IF
IF S$ = "C/H/O/N SYSTEM" THEN
CLS : PRINT #1, "------------------------------- "; : COLOR 15, 1, 1: PRINT #1, S$; :
COLOR 7, 1, 1: PRINT #1, " -------------------------------"
PRINT #1, : PRINT #1, TAB(28); "C/H/O/N = "; AC; "/"; AH; "/"; AO; "/"; AN
PRINT #1, TAB(35); "P = "; P; " atm";
ELSEIF S$ = "HYDROGEN-OXYGEN SYSTEM" THEN
CLS : PRINT #1, "---------------------------- "; : COLOR 15, 1, 1: PRINT #1, S$; : COLOR
7, 1, 1: PRINT #1, " ----------------------------"
PRINT #1, : PRINT #1, TAB(22); "O/F = "; OF; TAB(47); "Ti(H2) = "; TIF; " K"
PRINT #1, TAB(22); "P = "; P; " atm"; TAB(47); "Ti(O2) = "; TIO; " K"
ELSEIF S$ = "METHANE-OXYGEN SYSTEM" THEN
CLS : PRINT #1, "---------------------------- "; : COLOR 15, 1, 1: PRINT #1, S$; : COLOR
7, 1, 1: PRINT #1, " ----------------------------"
PRINT #1, : PRINT #1, TAB(22); "O/F = "; OF; TAB(47); "Ti(CH4) = "; TIF; " K"
PRINT #1, TAB(22); "P = "; P; " atm"; TAB(47); "Ti(O2) = "; TIO; " K"
END IF
PRINT #1, TAB(34); "Tf = "; T; " K"
PRINT #1, : PRINT #1, TAB(5); "SPECIES MOLE FRAC. (Xi)
MASS FRAC. (ci)
PARTIAL PRESS (Pi)"
PRINT #1, TAB(5); "------- ----------------------------------------------"
IF L$ = "S" OR L$ = "s" THEN
LOCATE 9, 5: FOR I = 1 TO 10: PRINT #1, A$(I), ; USING " ##.###^^^^
";
MF(I); C(I); MF(I) * P: LOCATE 9 + I, 5: NEXT I
ELSE
FOR I = 1 TO 10: PRINT #1, TAB(5); A$(I), ; USING " ##.###^^^^
"; MF(I);
C(I); MF(I) * P: NEXT I
END IF
PRINT #1, : PRINT #1, TAB(18); "MOLECULAR WEIGHT (mix) ="; USING " ##.##";
MMIX
IF T > 5000 THEN END
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PRINT #1, TAB(32); "Cp (mix) ="; USING " ##.##"; CPMIX;
PRINT #1, " kJ/kg mol K"
PRINT #1, TAB(29); "GAMMA (mix) ="; USING " #.###"; GAMMIX
PRINT #1, TAB(38); "c* ="; USING " ####"; CSTAR;
PRINT #1, " m/s"
CLOSE #1
CLOSE #3
END
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APPENDIX B
LABROC THEORETICAL PERFORMANCE ANALYSIS FILE
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APPENDIX C
LABVIEW CONTROL PROGRAM BLOCK DIAGRAM
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LABROC_ljc47_2010.vi
Front Panel
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Block Diagram:
Sequence 0

Sequence 1
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Sequence 2
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Sequence 3

Sequence 4
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check_1.vi
Front Panel:

Block Diagram:
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Block Diagram:
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check_4.vi
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get_volt_ljc47_2010.vi
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stop.vi

zero_digital_ljc47_2010.vi
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check_final.vi
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APPENDIX D
NOZZLE DESIGN MATHCAD SHEET
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